. Photocatalytic solution with 40 ppm of MoS 2 was reacted under illumination. Upon waning of reaction, 20 ul of 1M HCl was added, and the mixture was quickly purged. It was observed that with addition of HCl, the reaction can resume, indicating depletion of protons result in HER termination. The reaction also can be terminated by turning off the illumination. Supplementary Fig. 7 . Degree of 1T' transformation was compared using XPS analysis of Mo spectra. Fraction of transformation was determined by integration of shifted peak against control peaks. MoS 2 samples were extracted from reaction vessels after catalysis. 
Supplementary Methods
Lithium intercalation and exfoliation. For MoS 2 , lithium intercalation was accomplished by immersing 1 g of MoS 2 powder in 10 ml of 1 M n-butyl lithium. The mixture was stirred vigorously in an inert atmosphere glovebox for 3 to 10 days. After, the compound was washed over three layers of Whatman filter paper (#51, ashless) with 200 ml of hexane and then collected in a bottle. 300 ml of H 2 O was then added, and the mixture was sonicated for 3 m to extricate the intercalated MoS 2 powder from the filter paper. The filter paper was then removed from the bottle, and the solution was sonicated for an additional 1.5 h. Unexfoliated portions were removed with centrifugation at 100 g for 3 minutes. The supernatant was then collected, and purified by centrifugation and washing with H 2 O (3 x 10,000 g for 1.5 h, followed by resuspension in water after each centrifugation cycle). The solution was then transferred in to a dialysis bag (Fisher Scientific, MW 5000), and dialysed against running water for 3 days. The solution was then again centrifuged at 500 g for 15 m to remove aggregates, and the resultant samples were used as is. For WS 2 , Li intercalation was performed at 100 o C in a Parr bomb. Exfoliation and purification of WS 2 was the same as MoS 2 .
Concentration determination. 50 l of MoS 2 (or WS 2 ) was digested with 200 l of HNO 3 at 75 o C overnight. The samples were then diluted to 10 ml using 15 M H 2 O. Metal and Lithium concentration were then measured against fixed standards using Atomic Absorbance spectroscopy. In a typical product, Li:Mo molar ratio was found to be 0.012 ± 0.001.
STEM Microscopy and Analysis.
A FEI Titan G2 80-200 S/TEM with a Cs probe corrector operated at 200 kV was used in this study. High-angle annular dark-field (HAADF) S/TEM images were acquired with an electron probe size of 0.8 Å, convergence angle of 18.1 mrad, and current of ~100 pA and using an annular detector with a collection range of 60-160 mrad. The high-resolution HAADF images typically are taken at a magnification of 1800kx which gives a pixel-size of about 0.23 Å or frame-size of 48 nm x 48 nm for 2048 x 2048 pixel frame. Such conditions give rise to an equivalent electron dose rate of ~2800 electrons Å -2 s -1 . Acquisition of the HAADF image (frame of 2048 pixels × 2048 pixels) takes ∼40 s at a dwell time of ∼10 μs/pixel. In subfigures of Figures 1, 3 and 4, the filtered images were obtained by Fast Fourier transformation (FFT) of the HAADF images into reciprocal space, forming FFT patterns. Reciprocal spots from the patterns (typically, {100} type of reflections) were selected, masked with a 60 pixels filter, and then transformed into real space with inverse FFT. Gatan Digital Micrograph was used for the image processing.
STEM Image Simulation Procedure:
The high-resolution S/TEM simulations were carried out using the multi-slice simulation software provided by Cornell University (Earl J. Kirkland, Advanced computing in electron microscopy, Springer, 2 nd edition, 2010). For the simulation, a super cell of approximately 50 Å by 50 Å was built using the coordinates supplied in Fig. 2 . The pixel sampling used for the supercell was 2048 by 2048. The electron optical parameters used in the simulation are consistent with experimental conditions. They include electron energy of 200 keV, spherical aberration coefficient of 0.1 mm, and defocus of -18nm (under focus), HAADF detector range of 60-160 mrad. Exact atomic positions used in the simulation are restated below from Fig. 2 Photocatalysis procedure. Stock mixtures of 30% v/v TEOA and 10 mg/ml Eosin Y was freshly prepared for each reaction. MoS 2 (and WS 2 ) were prepared at twice the desired final concentration (e.g. 80 ppm). To prepare the reaction mixture, 35 ml of the 30% v/v TEOA was mixed with 35 ml of the MoS 2 or WS 2 , reaching the final concentration of 15% v/v TEOA and the predetermined MoS 2 /WS 2 concentration (e.g. 40 ppm). The mixture was then transferred to a 250 ml two neck flask, to which 1 ml of the 10 mg/ml Eosin Y was added. The mixture was the covered in aluminum foil, stirred, and purged with continuous Ar flow (20 ccm) for 20 minutes. After Ar purge, aluminum foil covering was removed, and the mixture was illuminated at 1 sun. With the Ar flow kept at 20 ccm, gas samples were continuously monitored at 90 second interval using an Inficon 3000 micro GC gas analyzer until reaction termination.
Computational details. All density functional calculations were carried out using the Vienna ab-initio simulation package (VASP) 1 with plane wave basis set and projector augmented-wave pseudopotentials (PAW).
2 All energies were calculated with Perdew−Burke−Ernzerhof (PBE) exchange-correlation potentials. 3 For selected structures, we applied the hybrid HSE06 functional 4 to calculate the electronic band gap. The MS 2 (M = Mo, W) monolayers were modeled using surface supercells separated in the periodic direction by a 20 thick vacuum slab. We applied a plane wave energy cutoff of 600 eV and Γ−centered 24×24×1, 12×24×1, 12×12×1, and 6×6×1 k-points grids for Brillouin zone sampling of the 1×1 unit cell (2H and 1T), and the 2×1 (1T'), 2×2 (1T''), and 4×4 (H/MS 2 ) supercells, respectively. The criteria of convergence for energy and force were set as 10 −4 eV and 3x10 −3 eV/ .
The hydrogen adsorption energies were calculated using the 4×4 surface supercell containing 16 Mo atoms and 32 S atoms. A dipole correction was applied to cancel the electrostatic interaction between the periodic slabs. The DFT binding energies were calculated as (   --) , where E(surf+nH), E(surf), and E(H 2 ) are the total energies for the MoS 2 surface with n hydrogen atoms adsorbed, the clean MoS 2 surface, and the molecular hydrogen in the gas phase, respectively. The most stable H binding site in the basal plane of MoS 2 is on the top of the S atoms. We define H coverage as the ratio of the number of H and Mo atoms in the basal plane. . For 1T' MoS 2 , we obtained E H binding energies of -0.16 eV, -0.13 eV, and -0.11 eV, and -0.035 eV at the 1/16H, 1/8H, 1/4H, and 1/2H coverage. For the 4×4 supercell, this corresponds to n = 1, 2, 4, and 8, respectively.
The adsorption free energy was calculated by adding a thermal correction to the binding energy , where ΔE ZPE and TΔS H are respectively, the differences in the zero point energy and entropy contribution between the H adsorbed state and H 2 in the gas phase. We took ΔS H = −½ S(H 2 ), where ½ S(H 2 ) is the entropy of ½ H 2 in the gas phase at standard conditions (T = 298.15 K, Pressure = 1atm). We used the assumption that the vibrational entropy in the adsorbed state is small . 5 For H/1T' MoS 2 , E ZPE = 0.228 eV (vibrational frequencies 2530.1 cm -1 , 637.6 cm -1 , 519.8 cm −1 ) and E ZPE = 0.271 eV for H 2 . With these values, the Gibbs free energy was calculated as ΔG H = ΔE H + 0.29 eV.
Generalized solid-state nudged elastic band (G-SSNEB) calculations were carried out to calculate the activation energy barrier between 1T'-MoS 2 and 2H-MoS 2 shown in Supplementary Figure S1 . 7 Further refining calculation using the dimer method made no changes to the energy of the saddle point from the G-SSNEB method. 8 We froze the first Mo atom at (0,0,0) for all the configurations to eliminate a net translation in the optimization.
